In the conventional iterative superimposed pilot-assisted channel estimation (SI-PACE), simple averaging of the instantaneous channel estimates obtained by using the pilot over several single-carrier (SC) blocks (called the frame in this paper) is taken in order to reduce the interference from data symbols. Therefore, the conventional SI-PACE has low tracking ability against fading time variations. To solve the tracking problem, Wiener filtering (WF)-based averaging can be used instead of simple averaging. However, WF incurs high computational complexity. Furthermore, the estimation error of the fading autocorrelation function significantly degrades the channel estimation accuracy. In order to improve the channel estimation accuracy while keeping the computational complexity low, a new iterative SI-PACE using sliding WF (called iterative SWFSI-PACE) is proposed. The channel estimation is done by sliding a WF having a shorter filter size than the measurement interval. The bit error rate (BER) and throughput performances of SC-FDE using iterative SWFSI-PACE are investigated by computer simulation to show that the proposed scheme achieves good BER and throughput performances while keeping the computational complexity low irrespective of the fading rate (or maximum Doppler frequency).
Introduction
In the next generation mobile communications systems, broadband services will be in greatly demand [1] . However, for such high-speed data transmissions, the wireless channel becomes severely frequency-selective and the bit error rate (BER) performance significantly degrades due to a large inter-symbol interference (ISI) [2] .
Recently, single-carrier (SC) transmission with frequency-domain equalization (FDE) has been adopted as the uplink (mobile-to-base) transmission since it has low peakto-average power ratio (PAPR) property and can take advantage of the channel severe frequency-selectivity by the use of FDE to improve the transmission performance [3] , [4] .
FDE requires accurate channel estimation. A well known channel estimation scheme is a pilot-assisted channel estimation (PACE) [5] - [9] , in which the known pilot symbols are orthogonally multiplexed with data symbols in either time-or frequency-domain. However, this reduces the spectrum efficiency. On the other hand, a superimposed pilot-assisted channel estimation (SI-PACE) [7] - [9] allows a simultaneous transmission of pilot and data streams in parallel (see Fig. 1 ) and therefore, the spectrum efficiency is not reduced.
In SI-PACE, the interference from the data stream degrades the channel estimation accuracy. To reduce the interference, simple averaging can be applied to the instantaneous channel estimates obtained by using pilot over a certain interval of SC blocks (called the frame in this paper) [8] , [9] . However, the use of simple averaging results in lower tracking ability against fast fading.
To solve the tracking problem, Wiener filtering (WF) [10] can be introduced instead of simple averaging. However, the WF requires high computational complexity. It also requires knowledge of fading autocorrelation function. In order to improve the channel estimation accuracy while keeping the computational complexity low, we propose a new iterative SI-PACE using sliding WF-based averaging (called iterative SWFSI-PACE). In the proposed scheme, the channel estimation is done by sliding a WF that is shorter than the channel estimation interval. The channel estimation and data decision are iterated a sufficient number of times to further improve the accuracies of channel estimation and data detection.
The rest of paper is organized as follows. The signal transmission model is introduced in Sect. 2. The iterative SWFSI-PACE and MMSE-FDE are described in Sect. 3. In Sect. 4, the results of BER and throughput performance simulations are presented. Section 5 concludes this paper.
Signal Transmission Model

Transmit Signal Representation
The transmitter structure of SC with superimposed pilot is illustrated in Fig. 2 . Throughout the paper, an equivalent low pass representation of discrete time signal is used and Copyright c 2012 The Institute of Electronics, Information and Communication Engineers T s denotes symbol duration. At the transmitter, the block length is equal to the block size of fast Fourier transform (FFT) at the receiver for MMSE-FDE. The data symbol sequence in the n(= 0 ∼ N B − 1)th block is represented by {d n (t);
The last N g samples in each pilot-superimposed block of N c samples is copied as the cyclic prefix and inserted into the guard interval (GI) at the beginning of each block. The nth pilot-superimposed block {s n (t); t = −N g ∼ N c − 1} is represented as (1) where P D and P P denote the signal power and pilot power, respectively. N B blocks form a frame over which the channel estimation and data decision are done (see Fig. 3 ).
Received Signal Representation
The receiver structure of SC with iterative SWFSI-PACE is presented in Fig. 4 . The propagation channel is assumed to be a frequency-selective fading channel having symbolspaced L discrete paths, each subjected to independent fading. The channel impulse response associated with the nth block is expressed as
denotes the ensemble average operation) where h n,l and τ l denote complex-valued path gain and time delay of the lth path (l = 0 ∼ L − 1) in the tth time, respectively. The maximum time delay τ L−1 is assumed to be shorter than GI length.
After GI removal, the received nth block {y n (t); t = 0 ∼ N c − 1} can be expressed as
where η n (t) denotes a zero-mean complex-valued Gaussian variable having variance E[|η n (t)| 2 ] = 2N 0 /T s (where N 0 is the power spectrum density of the additive white Gaussian noise (AWGN)).
The received block is transformed by N c -point FFT into the frequency-domain signal
where H n (k) and N n (k) denote the channel gain and channel noise at the kth frequency, respectively.
Iterative SWFSI-PACE and MMSE-FDE
In the conventional iterative SI-PACE [8] , [9] , since the simple averaging is used to reduce the interference from data stream, the conventional SI-PACE has low tracking ability against fading. To solve this tracking problem, Wiener filtering (WF) can be introduced instead of simple averaging. However, the channel estimation using WF of a large filter size (equal to the frame of N B blocks) has two problems: high computational complexity and low estimation accuracy of autocorrelation function which is necessary to construct the WF. To solve the problems, we propose to estimate the channel by sliding a WF having a short filter size of N T (≤ N B ) blocks, as shown in Fig. 5 . For constructing the WF of a short filter size, the time difference range of the autocorrelation function can be shortened and therefore, sufficiently accurate channel estimation is possible since a sufficient number of samples can be involved to estimate the autocorrelation function. In addition to this, the computational complexity required for matrix inversion can be much reduced since a number of complex multiply and addition operations required for matrix inversion is in an order of
). The channel estimate at the ith iteration stage is denoted by
The number of iterations is denoted by I. At the initial iteration stage (i = 0), the channel estimation is done by using the superimposed pilot only. In the 1st stage onward (i > 0), the tentative data decisions obtained by the previous stage over a frame are fedback as an additional pilot.
Initial Stage (i = 0)
The WF requires the knowledge of the channel autocorrelation vector A n of size 1× N T and the channel autocorrelation matrix R of size N T × N T . A n and R are defined as
where
and (.)
H denotes the Hermitian conjugate operation. The autocorrelation function R(m) is estimated by the simple averaging as
whereĤ (−1) n (k) is the estimate of H n (k) obtained by using the superimposed pilot only and the delay time-domain windowing technique [5] , given aŝ
As understood from Eq. (7), the number of samples which are used for estimating the autocorrelation function R(m), m = 0 ∼ N T − 1, is given by N B − m. For SI-PACE using frame-size WF (i.e., N T = N B ), the number of available samples for estimating R(m) decreases as m approaches N T − 1, resulting in the degraded estimation accuracy. However, for SI-PACE using sliding WF (i.e., N T is much smaller than N B ), a sufficient number of samples for estimating R(m) is obtained over an entire range of m = 0 ∼ N T − 1 and hence, a good estimation accuracy is achieved. Then, sliding WF channel estimation is applied to obtain the improved channel estimateĤ
where is the estimate of the noise plus signal power and is obtained aŝ
In the initial stage, the data signal component is unknown and cannot be removed from the received signal. Therefore, the noise plus signal power is estimated instead of the noise power as shown in Eq. (12) . Again, the delay time-domain windowing technique [5] is applied to obtain the improved channel estimate aŝ
with
Finally, the frequency-domain signal estimate {D
where M
n (k) is the MMSE weight [5] , given by
n is obtained using Eq. (12) with replacingĤ
In this paper, it is assumed that the receiver has a perfect knowledge of P D and P P .
After joint MMSE-FDE and pilot cancellation, the time-domain soft-decision symbol block {d
from which the tentative data symbol decision is carried out to generate the data symbol block replica {d n (t); t = 0 ∼ N c − 1} which is fed back to be used in the next iteration stage as an additional pilot.
i(≥ 1)th Stage
In the ith iteration stage, the channel estimateĤ (i−1) n (k) obtained in the previous iteration stage is used to estimate the autocorrelation function. Then, sliding WF channel estimation with the delay time-domain windowing technique [5] is done by using both the superimposed pilot and the symbol block replica {d (i−1) n (t); t = 0 ∼ N c − 1} generated by feeding back the decision made in the previous iteration stage aŝ
is the frequency-domain signal of the nth block data symbol sequence replica and P (i−1) n is obtained aŝ
and R (i−1) are estimates of A n and R, respectively, and are given by Eq. (6) with replacing R(m) by R (i−1) (m).
is obtained using Eq. (7) with replacingĤ
n (k) is the MMSE weight generated using Eq. (16) with replacingĤ
n , respectively (note thatP (i) n is obtained using Eq. (22) with replacingĤ
After joint MMSE-FDE and pilot cancellation, the time-domain soft-decision symbol block {d 
Complexity
The number of complex multiply and addition operations required for iterative SWFSI-PACE is shown in Table 1 , where I denotes the number of iterations. The Gaussian elimination method for matrix inversion is used. The number of complex multiply and addition operations is taken from [13] .
The number of complex multiply and addition operations is plotted as a function of the filter N T in Fig. 6 . It can be seen from Fig. 6 that the number of complex multiply and addition operations can be reduced by choosing a Table 1 No. of complex multiply and addition operations. sufficiently small filter size N T . For example, when N T = 9 and N B = 129, the number of complex multiply and addition operations can be reduced to about 0.03% of the case of frame-size WF (N T = N B = 129). However, if too short filter size is used, the accuracy of channel estimation degrades due to the reduced pilot power. Therefore, there exists the optimal filter size which will be found by computer simulation in Sect. 4.
Computer Simulation
Simulation parameters are summarized in Table 2 . Quaternary phase shift keying (QPSK) data modulation, FFT block size of N c = 512 and GI length of N g = 64 symbols are assumed. Chu sequence [11] is used as the pilot. The propagation channel is assumed to be a symbol-spaced L=16-path frequency-selective Rayleigh fading channel; each path is generated by Jakes model [2] . Ideal sampling timing at the receiver is also assumed. The pilot power-to-data power ratio β and N T are optimized by computer simulation.
Parameter Optimization
First, the frame size N B is optimized for the conventional iterative SI-PACE using the flame-size WF. Figure 7 plots the mean square error (MSE) of the channel estimation using the flame-size WF as a function of N B , where MSE is defined as MS E = (1/N c N B ) N B −1 n=0 
× 10
−5 (this corresponds to a mobile terminal moving speed of 375km/h for symbol rate 1/T s of 100 Msps and a carrier frequency of 5 GHz) and the average received bit energy-to-AWGN noise power spectrum density ratio E b /N 0 = 0.5(1 + N g /N c )(E s /N 0 )(β + 1) = 16 dB. It can be seen from Fig. 7 that, as N B increases, the MSE performance improves. However, the computational complexity of the proposed SI-PACE using sliding WF becomes higher. Considering a trade-off between the performance and the complexity, the frame size of N B = 129 is used in this paper.
Next, the filter size N T and pilot power-to-data power ratio β are optimized for the proposed iterative SWFSI-PACE. Figure 8 plots the average BER performance of the proposed channel estimation with I = 11 as a function of β with N T as a parameter when f D T s = 1.74×10 −5 (1.74×10 −7 ) and E b /N 0 = 16 dB. It can be seen from Fig. 8 that the use of too small or too large β (or N T ) degrades the achievable BER performance. The reason for this is that, when β (or N T ) is too small, enough pilot power cannot be obtained and when β is too large, the data power loss due to the pilot is big. When N T is too large, the tracking ability against fading tends to be lost. The use of N T =9(33) and β=1/32(1/64) is found to provide the best BER performance when f D T s = 1.74 × 10 −5 (1.74 × 10 −7 ). 
1.74×10
−7 , the simple averaging, the frame-size WF, and the proposed channel estimation achieve almost the same performance. On the other hands, when f D T s = 1.74×10 −5 , the proposed channel estimation can achieve better BER performance than the conventional channel estimation. This reason is that, in the proposed channel estimation, even if fading channel is very fast, the sufficiently accurate estimation of autocorrelation function is possible since sufficient number of samples can be involved to estimate the autocorrelation function. It should be noted that the BER performance SI-PACE using simple averaging degrades compared to the proposed SI-PACE using sliding WF since the simple averaging has lower tracking ability against the fast fading.
Performance Comparison of Proposed SI-PACE and TM-PACE
The idea of iterative SWF can also be applied to the timemultiplexed (TM) pilot case. Figure 11 compares the BER performances of the proposed iterative SWFSI-PACE and a sliding WF based iterative TM-PACE (iterative SWFTM-PACE) when f D T s = 1.74 × 10 −5 . In the case of iterative SWFTM-PACE, the pilot block is assumed to be periodically transmitted every K = 32 blocks. It can be seen from Fig. 11 that the iterative SWFSI-PACE achieves almost the same BER performance as the iterative SWFTM-PACE.
Throughput Performance Comparison
The iterative SWFSI-PACE and iterative SWFTM-PACE are compared in terms of throughput when the hybrid automatic repeat request (HARQ) [14] , [15] using selective repeat (SR) strategy [17] is used. In the SR strategy, error information of each block is fed back to the transmitter. If there is any erroneously received block in a frame, the same block is retransmitted, otherwise a new block is transmitted. Chase combining is used as packet combining [15] , [16] . In this paper, ideal error detection and ideal feedback channel are assumed. As a channel coding, a turbo coding is assumed with an encoder with two (13,15) RSC encoders (coding rate R = 1/2) and a decoder with Log-MAP algorithm. Figure 12 plots the throughput performance of iterative SWFSI-PACE and iterative SWFTM-PACE both with I = 11, N T = 17, and β = 1/32(K = 32) when f D T s = 1.74 × 10 −5 . It can be seen from Fig. 12 that both channel estimation schemes can achieve almost the same throughput performance. However, the throughput of the SWFSI-PACE is slightly higher than the SWFTM-PACE in a high E s /N 0 region. Figure 13 plots the throughput performance as a function of fDTs when E s /N 0 = 9 dB. N T , β, and K are optimized for each f D T s . It can be seen from Fig. 13 that the SWFSI-PACE achieves a higher throughput than SWFTM-PACE. As the fading rate increases, the throughput of SWFTM-PACE reduces since the pilot interval needs to be shorted in order to improve tracking ability.
Conclusion
In this paper, we proposed a new sliding WF-based iterative SI-PACE (iterative SWFSI-PACE). It was shown that iterative SWFSI-PACE can achieve a good BER performance with reduced computational complexity. The computational complexity can be reduced to about 0.03% of the framesize WF based channel estimation. We also applied to the idea of sliding WF-based channel estimation to the timemultiplexed (TM) pilot case. It was shown that the both iterative SWFSI-PACE and iterative SWTM-PACE provide almost the same BER performance; however, the SWSI-PACE can achieve a slightly higher throughput in a high E s /N 0 region and also under a fast fading environment. 
